Abstract
Due to the increasingly stricter regulations for deep reduction of fuel sulfur content, development of new deep desulfurization processes for liquid transport fuels has become one of the major challenges to the refining industry and to the production of hydrocarbon fuels for fuel cell applications. The sulfur compounds in the current transport fuels corresponding to the S level of 350-500 ppm account for only about 0.12-0.25 wt % of the fuel. The conventional hydrotreating approaches will need to increase catalyst bed volume at high-temperature and high-pressure conditions for treating 100 % of the whole fuel in order to convert the fuel mass of less than 0.25 wt %. In the present study, we are exploring a novel adsorption process for desulfurization at low temperatures, which can effectively reduce the sulfur content in gasoline, jet fuel and diesel fuel at low investment and operating cost to meet the needs for ultra-clean transportation fuels and for fuel cell applications.
Some adsorbents were prepared in this study for selective adsorption of sulfur compounds in the fuels. The adsorption experiments were conducted by using a model fuel and real fuels. The results show that the adsorbent (A-1) with a transition metal compound has a significant selectivity for sulfur compounds with a saturated adsorption capacity of ~0.12 mol of sulfur compounds per mol of the metal compound. Most sulfur compounds existing in the current commercial gasoline, jet fuel and diesel fuel can be removed by the adsorption using adsorbent A-1. On the basis of the preliminary results, a novel concept for integrated process for deep desulfurization of liquid hydrocarbons was proposed. 
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Introduction
In order to reduce the sulfur content in transport fuels for environmental protection purpose, US Environmental Protection Agency has issued regulations that will require the refineries to reduce the sulfur content of gasoline from a current average of 300 ppm to 30 ppm by 2006, and the sulfur content of highway diesel fuel from a current limit of 500 ppm to 15 ppm by 2006.
In terms of technology availability, the sulfur content in gasoline can be reduced to less than 30 ppm by current hydrotreating processes. The major problem is that the current hydrotreating technology results in high hydrogen consumption and significant reduction of octane number due to olefin saturation. 1 For diesel fuel, the current hydrotreating technology is difficult to reduce the sulfur content to less than 50 ppm, because the remaining sulfur compounds in current diesel fuel are the refractory sulfur compounds. [2] [3] [4] These refractory sulfur compounds are the alkyl dibenzothiophenes with one or two alkyl groups at 4-and 6-positions, which strongly inhibit hydrodesulfurization of the compounds. [5] [6] [7] The kinetic study shows that in order to reduce the sulfur content of the diesel fuel from 350 ppm to less than 50 ppm using the current hydrotreating technology, even with catalysis twice as active as current commercial catalysts, the reactor volume must be at least a couple of times larger than those currently used in refineries. 2, 3 As is well known, the increase in volume of the high-temperature and highpressure reactor is very expensive and the increase of catalyst activity by even 50 % over existing hydrotreating catalysts is hard as the existing hydrotreating catalysts have been developed and optimized over the pass 50 years.
The regulation for ultra-low sulfur fuel is motivated in part by the need for using the new emission-control technologies that are sensitive to sulfur. On the other hand, ultraclean fuel is also needed for use with a fuel cell system. 8 Fuel cell is one of the most promising and convenient energy conversion devices for generating electricity for both mobile vehicles and stationary power plants including residential applications. For the automotive fuel cells and military fuel cells, liquid hydrocarbons (gasoline, kerosene, jet fuel or diesel) are ideal fuels due to their higher energy density, ready availability, and safety for transportation and storage. However, the liquid hydrocarbons usually contain certain sulfur compounds that are poisonous to both the shift catalysts in hydrocarbon fuel process and the electrode catalysts in fuel cell process. Thus, the sulfur compounds in the liquid hydrocarbons need to be reduced to less than 0.1 ppm. Apparently, the current hydrotreating technology is hard to meet such a need.
Consequently, development of new deep desulfurization processes for liquid transport fuels becomes one of the major challenges to the refining industry and to the fuels for fuel cell application.
The sulfur compounds in the current transport fuels corresponding to the S level of 350 ppm account for only about 0.12-0.25 wt % of the fuel. The conventional hydrotreating approaches will need to increase catalyst bed volume at high-temperature and high-pressure conditions for treating 100 % of the whole fuel in order to convert the fuel mass of less than 0.25 wt %. In the present approaches we attempted to develop a novel adsorption process, which can effectively reduce the sulfur content in gasoline, jet fuel and diesel fuel at low investment and operating cost to meet the needs for ultra-clean transportation fuels and for fuel cell applications.
Executive Summary
• Sulfur compounds in some commercial liquid-hydrocarbon fuels, including gasoline, jet fuel and diesel fuel, were identified by using GC-FPD and GC-PFPD. • Some adsorbents were prepared in our laboratory for the selective adsorption of sulfur compounds from the liquid hydrocarbon fuels.
• The adsorption experiments were conducted by using the prepared adsorbents to compare the selectivities of sulfur compounds and aromatic compounds coexisting in the fuels. The capacity of the adsorbents was determined.
• On the basis of the present study, a novel process for deep desulfurization of liquid hydrocarbons, which combines a selective adsorption process of the sulfur compounds and a hydrodesulfurization process of the concentrated sulfur fraction, was proposed. The major potential advantages of the proposed process were studied by comparison with the conventional hydrodesulfurization process.
Experimental
The diesel fuel and gasoline used in this study are the commercial products from which are difficult to be removed by the conventional HDS process.
Results and Discussion
Identification of Sulfur Compounds
Adsorption
Desulfurization of the gasoline, jet fuel and diesel fuel by adsorption was preformed at ambient temperature by using adsorbent A-1. Figure 2 shows a comparison of the gasoline feed and the treated gasoline. It is clear that almost no sulfur signal was detected in the treated gasoline, indicating that most of the sulfur compounds in the gasoline were removed by the adsorption. Figure 3 shows a comparison of the diesel feed and the treated diesel. It shows that sulfur compounds, including 4,6-dimethyldibenzothiophene, in the diesel were substantially removed by the adsorption. The desulfurization experiments of the jet fuel by the adsorption give similar results, implying that the adsorbent A-1 is efficient for selectively adsorbing the sulfur compounds in the fuels.
As diesel fuels contain not only sulfur compounds, but also aromatic hydrocarbons at high concentrations in the range of 10-30 wt %, a major challenge for separating the sulfur compounds from the diesel fuel is to find a adsorbent that selectively adsorbs the sulfur compounds, but does not adsorb (or weakly adsorb) the coexisting aromatic hydrocarbons. The recovery of the adsorbates from the spent adsorbent was performed by elution using a polar organic solvent. A concentrated sulfur fraction was obtained by evaporating the polar organic solvent from the eluate. Analysis of the concentrated sulfur fraction shows that more than 90 wt % of compounds in the fraction are sulfur compounds, indicating that the adsorbent A-1 has excellent selectivity for adsorbing the sulfur compounds. Our experiments also show that the spent adsorbent can be regenerated by solvent elution followed by removal of the solvent from the adsorbent.
A New Deep Desulfurization Process
On the basis of the present study, we propose a novel process for deep desulfurization of liquid hydrocarbons, which combines a selective adsorption process of the sulfur compounds and a hydrodesulfurization process of the concentrated sulfur fraction, as shown in Figure 4 . The sulfur compounds in fuels are first adsorbed on the adsorbent in an adsorber, then, recovered by solvent elution. The spent adsorbent is regenerated via solvent elution followed by removal of the solvent. The eluate is sent to an evaporator to recycle the solvent and to obtain a concentrated sulfur fraction, which account for less than 1 wt % of the whole fuel. The concentrated sulfur fraction is hydrodesulfurized in a small HDS reactor. Then, the HDS product is blended with the hydrocarbon fraction from the adsorber. This process is quite different from IRVAD process 9,10 and S Zorb process 11 in adsorbent, adsorption mechanism and regeneration method. The major potential advantages of the proposed process are 1) adsorption process works at ambient temperature and ambient press; 2) low hydrogen consumption in the process; 3) easy regeneration of the spent adsorbent, 4) low investment and operating cost and 4) little or no octane penalty for gasoline.
Conclusion
• The major sulfur compounds in the current commercial gasoline, jet fuel and diesel fuel were identified. The major sulfur compounds existing in the gasoline are thiophene and alkylthiophenes. The major sulfur compounds in JP-8 are dimethylthiophenes and trimethylthiophenes with two methyl groups at 2-and 3positions, respectively. The sulfur compounds in the commercial diesel fuel include alkyl benzothiophenes and alkyl dibenzothiophenes, but the major sulfur compounds are the alkyl dibenzothiophenes with alkyl groups at 4-or/and 6-positions, indicating that the remaining sulfur compounds are the refractory sulfur compounds, which are difficult to be removed by the conventional HDS process.
• The prepared adsorbent in this study shows a significant selectivity for sulfur compounds with a saturated adsorption capacity of ~0.12 mol of sulfur compounds per mol of the metal compound.
• Most sulfur compounds existing in the current commercial gasoline, jet fuel and diesel fuel can be removed by the adsorption using adsorbent A-1.
• A novel process for deep desulfurization of liquid hydrocarbons was proposed. In comparison with the conventional hydrodesulfurization process, our ultra-deep desulfurization process has some potential advantages: 1. Efficient for ultra-deep desulfurization. 2. Adsorption process is at ambient temperature and ambient pressure, low hydrogen consumption, which leads to low energy consumption, low investment and low operating cost. 3. More efficient for HDS of the refractory sulfur compounds by increasing the concentration of sulfur compounds. 4. Little or no octane penalty for gasoline. 
